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(57) ABSTRACT

A laser annealing method for annealing a stacked semicon-
ductor structure having at least two stacked layers is dis-
closed. A laser beam is focused on a lower layer of the stacked
layers. The laser beam is then scanned to anneal features in
the lower layer. The laser beam is then focused on an upper
layer of the stacked layers, and the laser beam is scanned to
anneal features in the upper layer. The laser has a wavelength
of less than one micrometer. The beam size, depth of focus,
energy dosage, and scan speed of the laser beam are program-
mable. Features in the lower layer are offset from features in
the upper layer such that these features do not overlap along
aplane parallel to a path of the laser beam. Each of the stacked
layers includes active devices, such as transistors. Also, the
first and second layers may be annealed simultaneously.
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LASER ANNEALING FOR 3-D CHIP
INTEGRATION

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The disclosure relates generally to processing of
semiconductor devices and, more specifically, to a method of
laser annealing sub-surface features in a semiconductor
device.

[0003] 2. Description of the Related Art

[0004] To fulfill the ever-increasing demand for computing
power, semiconductor chip manufacturers have approached
the task of providing more computing power with a single
device using various approaches. One of the most commonly
used approaches has been to reduce the size of the features in
the semiconductor device, which provides the advantages of
higher speed, lower power consumption, and a higher density
of semiconductor features (e.g., transistors). However, the
ability of manufactures to reduce feature size is becoming
more expensive and more difficult and beginning to run into
fundamental physical limitations.

[0005] As aresult of these difficulties, many manufacturers
are also employing techniques whereby multiple chips (i.e.,
multiple modules) are being integrated together to operate as
a single chip. Initially, these multiple chips were positioned
side-by-side with one another. However, in certain applica-
tions, particularly with applications where the available foot-
print is small (e.g., personal digital assistants and mobile
phones), there was a need to vertically stack the chips. The
vertical stacking of the chips has the advantage of increased
transistor density per a given footprint and increased signal
communication speed as the distance between the chips is
decreased.

[0006] The vertical stacking of multiple chips is commonly
referred to as 3-D integration. One technique in fabricating
3-D integrated circuits involves separately fabricating 2-D
dies then bonding these separate 2-D dies together. The sepa-
rate 2-D dies are then connected with inter-die vias that
extend through the insulation layers surrounding the dies. An
issue associated with this technique regards the need to main-
tain a proper alignment between the separate dies. Also, the
distance between the active layers of the separate 2-D dies
may still be a substantial distance apart.

[0007] Another technique also involves bonding two sepa-
rate 2-D dies together. However, in this technique, the respec-
tively active layers of the separate 2-D dies are bonded facing
one another. In this manner, a reduced distance between the
active layers of the separate 2-D dies may be achieved. How-
ever, the alignment issue remains. Moreover, non-standard
connections (e.g., deep vias) are needed to connect the die to
the interconnectors of the semiconductor package. Another
issue associated with this technique is that this technique is
only directly extendable to two dies, whereas the previously
discussed technique may be directly extendable to greater
than two dies. There is, therefore, a need for an improved
technique for manufacturing a single die having multiple
layers of active devices.

BRIEF SUMMARY OF THE INVENTION

[0008] Embodiments of the invention provide a novel and
non-obvious method for manufacturing a stacked semicon-
ductor device. In particular, a method for laser annealing a
stacked semiconductor structure having at least two stacked
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layers is disclosed. A laser beam is focused on a lower layer of
the stacked layers. The laser beam is then scanned to anneal
features in the lower layer. The laser beam is also focused on
an upper layer of the stacked layers, and the laser beam is
scanned to anneal features in the upper layer. The laser has a
wavelength of less than one micrometer. The beam size, depth
of focus, energy dosage, and scan speed of the laser beam are
programmable. Features in the lower layer are offset from
features in the upper layer such that these features do not
overlap along a plane parallel to a path of the laser beam. Each
of' the stacked layers includes active devices, such as transis-
tors. Also, the first and second layers may be annealed simul-
taneously.

[0009] Additional aspects of the invention will be set forth
in part in the description which follows, and in part will be
obvious from the description, or may be learned by practice of
the invention. The aspects of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and
the following detailed description are exemplary and
explanatory only and are not restrictive of the invention, as
claimed.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0010] The accompanying drawings, which are incorpo-
rated in and constitute part of this specification, illustrate
embodiments of the invention and together with the descrip-
tion, serve to explain the principles of the invention. The
embodiments illustrated herein are presently preferred, it
being understood, however, that the invention is not limited to
the precise arrangements and instrumentalities shown,
wherein:

[0011] FIG. 1 is a cross-sectional view of a multi-level
stacked semiconductor device in accordance with the inven-
tive arrangements;

[0012] FIG. 2 is a top plan view of the multi-level stacked
semiconductor device of FIG. 1;

[0013] FIGS. 3A and 3B are, respectively, cross-sectional
views of the multi-level stacked semiconductor device in
which different levels of the semiconductor device are sepa-
rately annealed, in accordance with the inventive arrange-
ments;

[0014] FIG. 4 is a cross-sectional view of a Si/SiO,/Si
tri-layer structure;

[0015] FIG. 5 is a3-D thermal model of semiconductor and
insulation layers on a 1x1x0.875 mm bulk silicon structure;
[0016] FIG. 6 is a graph showing the temperature profile of
the exemplary Si/Si0,/Si tri-layer structure of F1G. 5 after the
top Si layer has been exposed to a laser anneal;

[0017] FIG. 7 is a graph showing the horizontal tempera-
ture profile of the exemplary Si/Si0,/Si tri-layer structure of
FIG. 5 after the top Si layer has been exposed to a laser anneal;
[0018] FIG. 8 is a graph showing the temperature profile of
the exemplary Si/SiO,/Si tri-layer structure of FIG. 5 after the
bottom Si layer has been exposed to a laser anneal;

[0019] FIG. 9 is a graph showing the horizontal tempera-
ture profile of the exemplary Si/SiO,/Si tri-layer structure of
FIG. 5 after the bottom Si layer has been exposed to a laser
anneal;

[0020] FIG. 10 is a graph showing the effects that the thick-
ness of the SiO2 layer of the exemplary Si/Si0O,/Si tri-layer
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structure of FIG. 5 has on vertical temperature differential
between the top and bottom Si layers;

[0021] FIG. 11 is graph showing the effects that spot size of
the laser has on the vertical temperature differential between
the top and bottom Si layers;

[0022] FIG. 12 is a graph showing the temperature, based
upon a distance away from the heat source, in each layer of the
exemplary Si/810,/S1 tri-layer structure of FIG. 5; and
[0023] FIGS. 13A and 13B are, respectively, plan views of
laser arrays, in accordance with the inventive arrangements.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Referring to FIGS. 1 and 2, a stacked semiconductor
structure 100 is illustrated. Although not limited to this spe-
cific configuration, the stacked semiconductor structure 100
includes at least two separate stacked layers 10, 12 of active
devices (e.g., transistors). Each stacked layer 10, 12 includes
a semiconductor material (e.g., silicon, germanium silicon,
gallium arsenide) in which semiconductor features such as
gates 20, active regions (e.g., source/drain regions 22), and
interconnects 24 are formed. Each stacked layer 10, 12 may
also include active devices (e.g., transistors) and passive
devices (e.g., capacitors, inductors, and resistors) as well as
well as other features found in a semiconductor device (e.g.,
interconnects, doped polysilicon lines, and metal silicide
lines). To connect one layer 10 to another layer 12, vias 26
may also be included. Aninsulation layer 14 (e.g., SiO,) may
also be positioned between each stacked layer 10, 12.
[0025] Referring to FIG. 2, the devices in the separate lay-
ers 10, 12 may be offset from one another to facilitate the
separate laser annealing of these separate layers 10, 12. More-
over, the devices in the separate layers 10, 12 may be offset so
that these features do not overlap along a plane parallel to a
path of the laser beam

[0026] As compared to prior techniques for providing mul-
tiple active layers on a single die, the present stacked semi-
conductor structure 100 presents several potential advan-
tages. For example, since no bonding necessarily occurs
between two separate dies, as with the prior techniques, align-
ing the separate dies is not an issue. Moreover, a reduced
distance can be provided between each stacked layer 10, 12 of
active devices than may be provided with the prior tech-
niques. Also, standard connections may be used to the semi-
conductor package surrounding the stacked semiconductor
structure 100. The present technique is also applicable to
more than two stacked layers of active devices.

[0027] Once active regions 22 of the active device have
been doped, there is a need to activate the dopants, and an
issue associated with this stacked semiconductor structure
100 is the excessive heating involved in activating the dopants
of active regions 22. Typically, active regions 22 are activated
using bulk heating or with laser annealing. Regardless of the
type of process used to activate the dopants, there is the need
to heat those features that require heating while, at the same
time, not heating those features (as in known in the art) that
are sensitive to excessive heat. Although the present method-
ology has been discussed with regard to annealing active
regions 22 of active devices, the present methodology may
also be used to anneal both active devices (e.g., transistors)
and passive devices (e.g., resistors, inductors, and capaci-
tors), as well as other features found in a semiconductor
device (e.g., interconnects, doped polysilicon lines, and metal
silicide lines).
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[0028] Referring to FIGS. 3A-3B and FIG. 4, a method of
annealing the stacked semiconductor structure 100 is illus-
trated. Specifically, each of the stacked layers 10, 12 is sepa-
rately laser annealed to activate the dopants within the active
regions 22 of the active device. Although not limited in this
manner, the proposed method encompasses methods used to
laser anneal a semiconductor substrate with a programmable
laser element or multiple elements. The programmable laser
elements further comprise methods to precisely control the
laser dosage and energy, beam shape and area, and depth of
focus.

[0029] For 2-D thermal annealing applications, a specific
uniform annealing energy can be applied to a designated
surface area and location with minimum horizontal proximity
effect. For 2-D thermal annealing applications, a specific
uniform annealing energy can be applied to a designated
depth from a substrate surface with minimum vertical prox-
imity effect.

[0030] The programmable laser annealing methods pro-
vide significant advantages in 3-D chip integration by com-
bining a plurality of annealing steps, which reduces the
annealing cost. For example, both the upper layer 10 and the
lower layer 12 may be laser annealed at the same time. Also,
the laser beams used to respectively anneal the upper layer 10
and the lower layer 12 may differ in terms of wave length,
power, spot size, energy density, depth of focus, and/or scan
speed.

[0031] As will be further described herein, precise control
of focus size and depth also minimizes the possibility of
under-annealing or over-annealing. This programmable laser
annealing method is capable of annealing semiconductor
devices in the lower silicon layers without adverse effect on
the semiconductor devices in the upper silicon layers.
[0032] Twodifferent types of laser annealing are frequently
being employed at the current time. One of these applications
employs a 10 micrometer infrared laser. However, this laser
heats the bulk Si substrate and may not be suitable to the
present 3D laser annealing technique. The second of these
applications uses a 850 nanometer laser. However, if this
method is used, a carbon overcoat may be needed to facilitate
absorption, and annealing of the lower layer may not be
possible without heating the top layer to effectively control
the depth of annealing. In certain aspects of the present
method, the laser has a wavelength of less than one microme-
ter.

[0033] Referring to FIG. 5, a 3-D thermal model of semi-
conductor and insulation layers on a 1x1x0.875 mm bulk
silicon structure is illustrated. The heat source was provided
on the upper Si layer 12 with 0.03 second exposure from a 1
W laser using a 10x10 micron spot size. As shown by the
thermal model, the effects of heating by the heat source are
localized.

[0034] Referring to FIG. 6, the temperature profile, over
time, of each layer of the exemplary Si/SiO,/Si tri-layer struc-
ture of FIG. 4 is illustrated using the heat source described
with regard to FIG. 5 focused on the upper Si layer 12. As
illustrated, the temperature in the upper silicon layer 12 can
reach a high temperature of 1100° C., whereas the tempera-
ture in the lower silicon layer 10 reaches a high temperature of
525° C.

[0035] Referring to FIG. 7, the temperature profile, based
upon distance from the spot, of each layer of the exemplary
Si/810,/81 tri-layer structure of FIG. 4 is illustrated using the
heat source described with regard to FIG. 5 focused on the
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upper Si layer 12. As illustrated, the temperature in the vicin-
ity of the laser spot drops off rapidly at an increasing hori-
zontal distance from the laser beam focus. Thus, the laser
annealing process can be precisely controlled and localized at
a certain depth.

[0036] Referring to FIG. 8, the temperature profile, over
time, of each layer of the exemplary Si/SiO,/Si tri-layer struc-
ture of FIG. 4 is illustrated using the heat source described
with regard to FIG. 5 (i.e., 0.03 second exposure froma 1 W
laser using a 10x10 micron spot size) but focused on the lower
Si layer 10. As illustrated, very little temperature difference
exists between the upper silicon layer 12 and the lower silicon
layer 10 to effectively control the depth of annealing.

[0037] Referring to FIG. 9, the temperature profile, based
upon distance from the spot, of each layer of the exemplary
S1/810,/8i tri-layer structure of FIG. 4 is illustrated using the
heat source described with regard to FIG. 5 but focused on the
lower Si layer 10. As described with regard to FIG. 8, very
little temperature difference exists between the upper silicon
layer 12 and the lower silicon layer 10 to effectively control
the depth of annealing.

[0038] Referring to FIG. 10, the effect of the thickness of
the SiO, insulation layer 14 on the temperature gradient
between the top silicon layer 12 and the bottom silicon layer
10 is illustrated. Using a 0.03 second exposure with 2 W laser
having a 10x10 micron spot size focused on the lower silicon
layer 10, the temperature difference between the top silicon
layer 12 and the bottom silicon layer 10 increases substan-
tially linearly with the thickness of the SiO, insulation layer
14. Therefore, by increasing the thickness of the SiO, insu-
lation layer 14, the lower silicon layer 10 can be laser
annealed without effecting the upper layer 12.

[0039] Referring to FIG. 11, the effect of the spot size of the
laser on the temperature gradient between the top silicon
layer 12 and the bottom silicon layer 10 is illustrated. The
temperature difference between the top silicon layer 12 and
the bottom silicon layer 10 increases as the size of laser beam
is reduced from 10x10 microns to 1x1 microns.

[0040] Referring to FIG. 12, the temperature profile, based
upon distance from the spot, of each layer of the exemplary
S1/810,/81 tri-layer structure of FIG. 4 is illustrated using a
heat source of a 0.03 second exposure from a 0.2 W laser
using a 1x1 micron spot size focused on the lower Si layer 10.
In contrast to FIG. 9, a considerable temperature difference
exists between the upper silicon layer 12 and the lower silicon
layer 10. Specifically, whereas the temperature at the laser
spot in the lower silicon layer 10 reaches approximately
1100° C. the upper silicon layer is below 550C. As such, by
varying the spot size of the laser, the depth of laser anneal can
be controlled even when the lower silicon layer 10 is being
annealed.

[0041] The above-described simulation results model sim-
plified laser spot sizes. However, these results can be gener-
alized to model a real laser beam, e.g., in the shape of a slit, or
multiple laser beams that are scanned across the surface.
Moreover, the maximum temperature is not precisely directly
under each beam but slightly offset to the trailing edge side as
the laser is scanned across the surface. Thus, this offset should
be considered when programming the movement of the laser
beam across the surface to precisely control the annealing
temperature and annealing depth.

[0042] FIGS. 13A and 13B respectively illustrate alterna-
tive arrangement of laser arrays. The distance between the
lasers may be selected based upon a desired thermal profile
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(e.g., to anneal one layer but not excessively thermally impact
another layer). Referring specifically to FIG. 13 A, this con-
figuration provides good independent control, but has lower
power efficiency and requires multiple adjacent scans. Refer-
ring specifically to FIG. 13B, this configuration enables the
use of heat from the previous beam to preheat the region for
the next beam, but requires control based on the resulting
thermal responses.

[0043] Thus, the location, spot size, depth of focus, speed
of'scanning, and energy density of the laser can be separately
programmed to meet the specific annealing requirements of
the stacked semiconductor structure. Specifically, separate
layers of active devices in the stacked semiconductor struc-
ture can be selectively thermally annealed without adversely
affecting adjacent structures near the annealing zone. Conse-
quently, the temperature of the devices immediately near the
annealing zone, in both the horizontal and vertical directions,
can be maintained in a safe range during the selective thermal
annealing. Since the amount of laser energy absorbed (and
converted to heat) by each feature in the surface pattern
depends on the local reflectance and absorption properties of
the features, the incident laser power in each scanning beam
may be controlled based on the known design of the circuitry
on the wafer. Also, multiple scanning beams may be used to
increase the throughput of the process.

What is claimed is:

1. A method for laser annealing a stacked semiconductor
structure having at least two stacked layers, comprising the
steps of:

focusing a first laser beam on a lower layer of the stacked

layers;

scanning the first laser beam to anneal features in the lower

layer;

focusing a second laser beam on an upper layer of the

stacked layers; and

scanning a second laser beam to anneal features in the

upper layer.

2. The method according to claim 1, wherein the laser for
the first and second laser beams has a wavelength of less than
one micrometer.

3. The method according to claim 1, wherein spot size,
depth of focus, and energy density of the first and second laser
beams are programmable.

4. The method according to claim 1, wherein the scanning
speed of the first and second laser beams is programmable.

5. The method according to claim 1, wherein features in the
lower layer are offset from features in the upper layer such
that these features do not overlap along a plane parallel to a
path of the first and second laser beams.

6. The method according to claim 1, wherein the first and
second laser beams are originated from a single laser.

7. The method according to claim 1, wherein the first and
second laser beams are respectively originated from separate
lasers.

8. The method according to claim 1, wherein each of the
stacked layers includes an active device, a passive device, or
a combination thereof.

9. The method according to claim 8, wherein at least one of
the devices is a transistor.

10. A method for laser annealing a stacked semiconductor
structure having at least two stacked layers, comprising the
steps of:

focusing a first laser beam on a lower layer of the stacked

layers;
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focusing a second laser beam on an upper layer of the

stacked layers; and

scanning the first and second laser beams to anneal the

features, respectively, in the lower layer and the upper
layer, wherein

the first and second laser beams are scanned together to

anneal the features, respectively, in the lower layer and
the upper layer.

11. The method according to claim 10, wherein the first
laser beam having a first wavelength, and the second laser
beam having a second wavelength different than the first
wavelength.

12. The method according to claim 10, wherein the first
laser beam having a first spot size, and the second laser beam
having second spot size different than the first spot size.
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13. The method according to claim 10, wherein spot size,
depth of focus, and energy density of both the first and second
laser beams are programmable.

14. The method according to claim 10, wherein the scan-
ning speed of both the first and second laser beams is pro-
grammable.

15. The method according to claim 10, wherein features in
the lower layer are offset from features in the upper layer such
that these features do not overlap along a plane parallel to a
path of the laser beam.

16. The method according to claim 10, wherein each of the
stacked layers includes an active device, a passive device, or
a combination thereof.

17. The method according to claim 16, wherein at least one
of the devices is a transistor.
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